Citrus black spot disease, caused by the phytopathogen Phyllosticta citricarpa, depreciates the market value of citrus fruits and prevents their exportation to disease-free regions. It may also reduce the productivity of citrus fruit orchards. To identify an alternative to conventional disease control measures, isolates of Diaporthe terebinthifolii, active against P. citricarpa, were selected from an endophytic fungal population of Schinus terebinthifolia leaves. Different culture media were screened to identify the culture medium that afforded the most efficient production of biologically active extracts. A particular fraction (fraction VI) of the extract completely protected orange leaves by inhibiting the germination of P. citricarpa conidia with a minimum inhibitory concentration of 0.003 μg.mL −1 . The active constituents in D. terebinthifolii extract fractions were identified by gas chromatography coupled to mass spectrometry as verbanol, phenylethyl alcohol, verbenyl acetate and methyl hexadecanoate. The results obtained strongly suggest the existence of a synergistic effect among the metabolites produced. Thus, these fungal metabolites could be used to control the CBS disease. As the asexual spores of P. citricarpa play an important role in fruit lesion development and disease dispersion, fungal extracts that inhibit the spore germination can be used as an effective alternative for directional disease control.
INTRODUCTION
The citrus black spot (CBS) disease affects the fruits and leaves of citrus cultures, causing economic loss to producers (Kiely 1948; Hendricks et al. 2013; Amorin et al. 2016; Santos et al. 2016) . This disease typically occurs in subtropical zones, mainly in Argentina, Australia, Brazil, China, Ghana, Indonesia, Kenya, Mozambique, Philippines, South Africa, Taiwan, Uruguay, Uganda, Venezuela, Zambia and Zimbabwe (Hincapie et al. 2014) . The fungus Phyllosticta citricarpa is the causal agent of CBS (Glienke et al. 2011) . In order to prevent the introduction of P. citricarpa into disease-free regions, a phytosanitary legislation in the European Union (European Food Safety Authority 2014 report) regulates the inspection of citrus imports.
While cultural practices and fungicide treatments are commonly used to contain the spread of CBS in citrus orchards, complete eradication of the disease seems impossible (Kotzé 1981; Agostini et al. 2006) . Although several chemical agents, including copper fungicides, benzimidazoles, strobilurins, mancozeb, phosphorous acid, captan and iprodione, have been used to control CBS (Miles, Willingham and Cooke 2004; Agostini et al. 2006) , the results have been unsatisfactory. Further, the fungicide usage has also led to an increase in phytopathogen resistance. Such resistance problems have been identified in orchards in Brazil (Rodrigues et al. 2007 ), South Africa (Possiede et al. 2009 ) and Florida (USA) (Hendricks et al. 2013) . In addition, the presence of fungicide residues such as carbendazim, one of the most effective compounds for CBS treatment, in citrus products is another limiting factor with respect to the export of these fruits (Food and Drug Administration 2012).
Considering the lack of an effective treatment for CBS disease and the limitations of fungicide usage, the search for natural compounds for use in CBS control is necessary. Endophytes of the Diaporthe genus are known to produce compounds with antifungal activity (Huang et al. 2008; Wu et al. 2008; Hussain et al. 2011 Hussain et al. , 2012 Krohn et al. 2011; Flores et al. 2013; Hokama et al. 2016) . Santos et al. (2016) reported that endophytic strains of Diaporthe terenbinthifolii were able to colonize citrus plants and produce secondary metabolites with activity against P. citricarpa, which suggests that this species may be used as a potential biological controller of CBS. However, there have been no studies on the characterization of secondary metabolites produced by D. terebinthifolii since this species was described in Brazil (Gomes et al. 2013) . Thus, the objectives of this study were to evaluate the extracts of endophytic strains of D. terebinthifolii for activity against the phytopathogen P. citricarpa and to identify the secondary metabolites found in the active extracts.
MATERIALS AND METHODS

Endophyte identification
Two endophytic fungal strains collected from the leaves of 'aroeira' (Schinus terebinthifolia 70672) in Brazil were used in the study. The species identification was based on phylogenetic taxonomy analysis conducted via the multi-sequence alignment of internal transcribed spacer regions of the nuclear ribosomal DNA, calmodulin, translation elongation factor 1-α, histone H3 and β-tubulin, as described by Gomes et al. (2013) .
The multiple sequence comparison by log-expectation (MUS-CLE) software was used for the alignment of multiple sequences, using the TreeBASE database (study S13943; www.treebase.org) (Gomes et al. 2013) . The matrix was built with 55 taxa and 2488 characters. For the phylogenetic analyses, a Bayesian inference was performed using MrBayes 3.2 with a general time reversible (GTR) model of DNA substitution and a gamma distribution rate variation across sites (Ronquist et al. 2012) . Four Markov chains were run for two runs from random starting trees for 500 000 generations until the average standard deviation of split frequencies came to 0.016. The first one-fourth generations were discarded as burn-in.
Dual culture tests
Analysis of the production of volatile and non-volatile metabolites was performed in potato dextrose agar (PDA) medium, as described in Supplementary material 1 (available online). The colony diameter was measured in four directions on days 7 and 14, disregarding the initial inoculum size. The assays were performed in quintuplicate. The percentage of inhibition was calculated using the following formula:
PI = percentage of inhibition; Cd = diameter of mycelial colony in the control plate; Pd = diameter of mycelial colony in the treatment plate. Statistical significance (P < 0.01) was evaluated by analysis of variance (ANOVA) followed by the Tukey 5% test, using the Assistat 7.7 beta program (Silva and Azevedo 2016) .
Fermentation, extraction, isolation and determination of biological activity of the secondary metabolites
The following six culture media were tested to identify the most promising extract against the phytopathogen: potato dextrose broth (PDB; Himedia, Mumbai, India), pH 5.5; Mueller-Hinton broth (Himedia), pH 6.8; Czapek medium (Wiseman 1975) , pH 8.0; erythromycin production medium (Devi et al. 2015) , pH 6.5; rice medium (110 g of rice was suspended in 100 mL distilled water, incubated overnight, and autoclaved twice for 20 min at a temperature of 120
• C and 1 Pa pressure); and corn solid medium (50 g of corn was suspended in 70 mL distilled water and autoclaved for 60 min at a temperature of 120 • C and 1 Pa pressure).
The endophytic fungal strains were cultured on PDA plates at 28
• C for 7 days. Six mycelial discs (10 mm diameter) were put into 600 mL of liquid media or 100 g of solid media, in 1 L Erlenmeyer flasks. The cultures were incubated at 28
• C for 10-30 days.
The liquid cultures were filtered, and the filtrate was extracted with 2 volumes of ethyl acetate. In the case of solid cultures, the compounds were extracted with 2 volumes of methanol. All extracts were dried on a rotary evaporator and then re-dissolved in methanol at a final concentration of 10 mg.mL −1 , and their antifungal activity (percentage inhibition, PI) was evaluated. The most promising culture medium was selected for the large-scale production of extracts. Large-scale cultivation was performed only for the D. terebinthifolii LGMF658 strain, as it showed the best results in screening tests. The strain was cultivated for 30 days (28
• C) in 1600 g of rice medium and extracted with 5 L of methanol, yielding approximately 13 g of extract. The extract (2.8 g) was dissolved in methanol:water (2:1 v/v) and then partitioned in three solvents: petroleum ether, dichloromethane and ethyl acetate. All the resulting extracts were screened for their potential for inhibiting P. citricarpa growth and pycnidial production on leaves.
The bioactive dichloromethane portion (1.5 g) was subjected to chromatographic separation on a silica gel 60 column and serially eluted with the following solvents: petroleum ether, petroleum ether:ethyl acetate (100:25; 150:50; 75:100), ethyl acetate, ethyl acetate:methanol (50:25; 50:50), and methanol. The 10 fractions (I-X) that were thus obtained were evaluated for the inhibition of P. citricarpa pycnidial production on leaves.
The fraction that showed maximal activity (fraction VI, 48 mg) was subjected to further separation by high performance liquid chromatography (HPLC) (water:methanol, 70:30, 25 min) to produce four subfractions (A-D). The activity of fraction VI and subfractions was further evaluated by the broth microdilution method. Finally, the crude extract, active fraction (VI) and active subfraction (C) were subjected to gas chromatography coupled with mass spectrometry (GC-MS) to identify the chemical constituents responsible for the observed activity. The thin layer chromatography (TLC), HPLC and GC-MS conditions are described in the online Supplementary material 1.
Mycelial growth inhibition in vitro
The mycelial growth inhibition was evaluated in vitro by spreading 50 μL of the extract (10 mg.mL −1 ) on a PDA plate (48 × 12 mm) and placing a mycelial disc of P. citricarpa (6 mm diameter) at the center of the plate. The plate was then incubated for 28 days at 28
• C, and the mycelial growth was measured every 7 days.
To obtain the PI, the diameter of the mycelial colony in extracttreated plates was compared with that in negative control plates containing only the mycelial disc of P. citricarpa. For the positive control, glufosinate-ammonium (5 mg.mL −1 ) was used. The assay was performed in quintuplicate.
Inhibition of pathogen growth on leaves
Fragments (2.0 cm × 1.5 cm) of healthy leaves of the orange tree (Citrus sinensis) were washed and autoclaved at a temperature of 120
• C and 1 Pa pressure for 20 min. Each leaf fragment was placed on a water-agar plate and inoculated with a mycelial disc of P. citricarpa (1 mm diameter). Then, 10 μL of treatment or control was applied over the inoculated leaf fragment, and the plates were incubated for 30 days at 28
• C. Methanol and glufosinate-ammonium (5 mg.mL −1 ) were used as the negative and positive controls, respectively. The assay was performed in quintuplicate and repeated twice, and the results were reported as the presence/absence of pathogen development on the leaf. The tested concentrations of the fractions were 1, 0.5, 0.25, 0.1 and 0.05 mg.mL −1 .
Broth microdilution (minimum inhibitory concentration determination)
To determine the minimum inhibitory concentration (MIC), microdilution was performed in 96-well plates by adding 90 μL of PDB, 10 μL of the fraction being tested, and 50 μL of P. citricarpa conidial suspension in saline solution (6 × 10 5 conidia.mL −1 )
to each well. The conidial concentration was determined using a Neubauer counting chamber. The plates were incubated at 28
• C for 20 days. The absence of fungal growth in the well was considered a positive result. While glufosinate-ammonium (10 mg.mL −1 ) was used as the positive control, negative control experiments were performed with methanol and without it. The assay was performed in triplicate. Serial dilutions of the evaluated fraction, subfraction and control were performed to determine the MIC. The evaluated concentrations of fraction VI (stock solution of 3.0 mg.mL The stages of methodological development with illustrations can be seen in the online Supplementary material 2.
RESULTS
Endophyte identification
The phylogenetic analysis clustered the LGMF651 (Internal Transcribed Spacer -ITS -GenBank accession number KM510504.1) and LGMF658 (Internal Transcribed Spacer -ITS -GenBank accession number KM510506.1) strains in the same branch as D. terebinthifolii (Fig. 1) , with high posterior probability support (96%).
Dual culture tests
Both isolates (LGMF658 and LGMF651) were observed to inhibit the growth of P. citricarpa by producing and releasing compounds into the medium in the pairing method and by producing volatile compounds in both the overlapping and divided plate methods (Table 1 ). The highest inhibitory activity was exhibited by the strain LGMF658 (92.45%) in the pairing test. Among the methods used to study volatile metabolite production and activity, overlapping plates significantly (P < 0.01) proved to be more responsive than the divided plates (Table 1) .
Fermentation, extraction, isolation and determination of biological activity of the secondary metabolites
The two strains, LGMF658 and LGMF651, were cultivated in six different culture media. The strain and the culture medium that showed the best results were selected for the large-scale production of extracts (Table 2) . Thus, the LGMF658 strain was cultivated in 1600 g of rice medium, extracted with methanol, and partitioned in petroleum ether, dichloromethane and ethyl acetate. The resulting extracts were analyzed to evaluate the capacity for inhibition of phytopathogen growth on leaves. The dichloromethane extract (10 μg.mL −1 ) was observed to exhibit good inhibitory activity against P. citricarpa, reducing the pathogen development on leaves by 55.55%. Thus, the dichloromethane portion was subjected to column chromatography, yielding 10 fractions (fractions I-X). Of these, fraction VI, at a concentration of 0.5 μg.mL −1 , conferred 100% protection on orange leaves (Fig. 2) . While the active fraction (fraction VI) inhibited the germination of P. citricarpa conidia with an MIC of 0.003 μg.mL −1 , the MIC of glufosinate-ammonium was 2.96 μg.mL −1 . Subfraction C (eluted at 10-15 min), which was obtained from fraction VI, maintained the inhibitory activity with an MIC of 17.3 μg.mL −1 .
GC-MS analysis revealed the presence of verbanol, verbanol acetate, hexadienol butanoate (2E-4E) and sesquicineol-2-one in fraction VI. Verbanol and verbenyl acetate were also identified in the subfraction C. In the crude extract of the fungi, the following compounds were detected: verbanol, phenylethyl alcohol, methyl hexadecanoate and isoverbanol (Table 3 ) (Supplementary material 3, available online).
DISCUSSION
Diaporthe terebinthifolii was previously described by our group as an endophyte of S. terebinthifolia (Gomes et al. 2013 ). This endophyte was proposed to be a potential biological controller of the CBS disease (Santos et al. 2016) . To identify an effective treatment against the CBS disease and to better understand how D. terebinthifolii acts against P. citricarpa, we identified the best culture conditions for stimulating the production of secondary metabolites by D. terebinthifolii LGMF658 and also characterized the bioactive compounds thus produced. The Diaporthe genus is a rich source of bioactive secondary metabolites, including volatile and non-volatile compounds, which are effective against phytopathogens (Singh et al. 2011 ). Contrary to a previous report which suggested that secondary metabolite production in the Phomopsis (Diaporthe) genus may be species specific (Abreu et al. 2012) , our data showed that the D. terebinthifolii strains, LGMF658 and LGMF651, exhibited differences in biological activity in different media, which was directly correlated with the secondary metabolites produced. In fact, the strains did not show any similarity in terms of biological activity in most of the culture media evaluated (Table 2) . As the LGMF658 strain showed the highest mycelial inhibition in most culture media analyzed, it was selected for the large-scale production of extracts. The compounds verbanol, verbanol acetate, hexadienol butanoate (2E-4E) and sesquicineol-2-one were identified in the active fraction (fraction VI), which showed a higher inhibitory activity (0.003 μg.mL −1 ) against conidial germination and development of P. citricarpa on leaves than the positive control, glufosinateammonium (2.96 μg.mL −1 ).
All the compounds identified in fraction VI are commonly found in essential oils with biological activity. Verbanol is not usually found as a natural product, although there is a report on its production from Aspergillus niger (Humphrey and Deindoerfer 1962) . Further, there are no studies on its antimicrobial activity. Verbanol acetate has been reported to be present in essential oils from various plants (Abbaszadeh et al. 2013; Majnooni et al. 2013; Owolabi et al. 2014) . Additionally, some studies have demonstrated the antimicrobial and anti-inflammatory activities of extracts and essential oils containing this compound (Palá-Paúl et al. 2012; Hamdana et al. 2013) . However, there are no reports on the isolation of this compound from microorganisms. Methyl hexadecanoate has already been isolated as a secondary metabolite from microorganisms (Chen et al. 2011; TenorioSalgado et al. 2013) . It is also a constituent of essential oils with biological activity (Agnihotri, Wakode and Ali 2012; Ashraf et al. 2014) . The compound sesquicineol-2-one has been found in the essential oil of Ocimum kilimandscharicum, which possesses anticancer and anti-inflammatory activities (Lima et al. 2014) . It has also been found in the essential oils of Dorema ammoniacum (Hosseini et al. 2014) and Ferula latisecta (Sahebkar, HassanzadehKhayyat and Iranshahi et al. 2013) , although there are no reports on their biological activities. The MIC of subfraction C (of fraction VI) was 17.3 μg.mL −1 , while the MIC of fraction VI was 0.003 μg.mL −1 , which suggests that the compounds in fraction (VI) synergistically inhibit P. citricarpa. The use of a mix of compounds for disease treatment is advantageous as the compounds operate via different mechanisms of action simultaneously, which increases the vulnerability of the pathogen, reduces the required concentration of antifungal agents, and prevents the induction of resistance (Campbell, Chan and Kim 2012; Kim et al. 2013 ). An example of the synergistic antifungal activity of volatile organic compounds (VOCs) was described by Ezra, Hess and Strobel (2004) , who observed that the combined VOCs of Muscodor albus were highly effective even though none of the compounds produced significant antifungal activity when used individually.
In conclusion, extracts of the D. terebinthifolii strain LGMF658 exhibited strong activity against the phytopathogen P. citricarpa. Our results suggest that certain secondary metabolites produced by the endophytic strain, namely, verbanol, verbanol acetate, hexadienol butanoate (2E-4E) and sesquicineol-2-one, act synergistically to inhibit the conidial germination and development of P. citricarpa on leaves. As the conidia are important sources of P. citricarpa inoculum and play a major role in the increased prevalence and spread of CBS disease (Spósito et al. 2011) , the active fraction (fraction VI) obtained in this study may be explored as an alternative option for CBS control. Therefore, the mix of compounds in fraction VI should be further investigated under field conditions and via chemical composition studies.
